Abstract-A miniature robotic device that can fold-up on the spot, accomplish tasks, and disappear by degradation into the environment promises a range of medical applications but has so far been a challenge in engineering. This work presents a sheet that can self-fold into a functional 3D robot, actuate immediately for untethered walking and swimming, and subsequently dissolve in liquid. The developed sheet weighs 0.31 g, spans 1.7 cm square in size, features a cubic neodymium magnet, and can be thermally activated to self-fold. Since the robot has asymmetric body balance along the sagittal axis, the robot can walk at a speed of 3.8 body-length/s being remotely controlled by an alternating external magnetic field. We further show that the robot is capable of conducting basic tasks and behaviors, including swimming, delivering/carrying blocks, climbing a slope, and digging. The developed models include an acetone-degradable version, which allows the entire robot's body to vanish in a liquid. We thus experimentally demonstrate the complete life cycle of our robot: self-folding, actuation, and degrading.
I. INTRODUCTION
There has been increasing demand for ubiquitous onsite construction of complex task-performing robotic devices lead by tidal progress in rapid and on-demand fabrication techniques. Such autonomous "4D-printed" robots could be used at unreachable sites, including those encountered in both in vivo and bionic biological treatment [1] . Although there are various methods for rapid fabrication of robot structures, a notable approach may be to construct a 3D structure by folding a 2D sheet with origami theory [2] , [3] , and to design the robots' bodies with the techniques [4] - [6] . Such composition methods, which can be referred to as "reconfiguration-based structuring," offer inexpensive and rapid manufacturing, as well as compact and lightweight transportation.
Different techniques have been investigated for selffolding planar materials, including shape memory alloy [7] , [8] and shape memory polymer, with initiation by Joule heating [9] , [10] , electromagnetic waves [11] , water on tracing paper [12] , laser light emission on hydrogel [13] , and residual tensile stress [14] . The self-folding technique that we have developed and used in the study employs heat to trigger deformation of shape memory polymer, which allows configuration of various structures [15] - [17] whose crease design can be made automatically [18] , such as in self-assembling sensors [19] , [20] .
Support for this work has been provided by NSF grants 1240383, 1138967, and DoD through the NDSEG Fellowship program. 1 However, challenges include (I) how to reduce/eliminate integrated electronic parts, due to difficulty of both "printing" and removing the robot safely from the body should it be used in vivo; (II) how to actuate and control the robot despite reduced parts; and (III) how to "delete" the robot from the site after the robot has been used.
Here we address these issues in a mobile robot that can self-fold from a single planar material into a 3D structure that allows it to walk, swim, perform some basic tasks (such as block-pushing), and dissolve in liquid. In this paper, contributions include: 1) Performing on-site origami sheet self-folding followed by untethered actuation. 2) Developing the robot's control method for walking and swimming using a newly developed electromagnetic system. 3) Testing the robot's ability to perform basic tasks and behaviors. 4) Demonstrating the robot's ability to degrade, as a proof of concept.
II. ROBOT STRUCTURE AND BEHAVIOR DESIGN
The goal for our robot is to self-reconfigure from a planar to a 3D structure, execute translational motion by walking and swimming, and vanish into the environment, all in series. To achieve this goal, we designed an on-stage self-folding technique (using global heating [15] , [21] to catalyze the robot's reconfiguration), employed remote magnetic control for the robot's actuation, and utilized a specific material (polystyrene) for the robot's structure so that it could dissolve in a liquid (acetone). This section presents the robot's design and the actuation methods for both walking and swimming.
A. Force and Torque
The motion of the robot may vary depending on the desired application and environment of use, we aim for walking and swimming as basic capabilities. For a robot equipped with a magnet with magnetic dipole moment ⃗ m, the force ⃗ F and torque ⃗ T that the robot experiences in a magnetic flux density ⃗ B are
where ⃗ B is the globally created, superimposed magnetic flux density of all the coils in the environment. Assuming that the magnet's shape can be approximated as a sphere of radius a, ⃗ m can be described with the saturation magnetization ⃗ M sat as
where M sat is intrinsic to the material of the magnet. Torque is maximal when the relative angle between the magnet and the applied field reaches 90 • , and force is generated proportionally to the gradient of the magnetic field.
B. Robot's Design, Walking and Swimming Motion
The developed robot, which only weighs 0.31 g, is selffolded from the crease design shown in Fig. 2 (b) to the robot shown in Fig. 1 (a) and Fig. 2 (a) . When heated, the structure folds up along the transverse plane and sagittal plane, bending in the middle of the shape similar to an inverted "V" along the sagittal plane. The frontal area forms the boat-shaped body which also functions as a support for the ground contact and the holding cage, while the back area forms two pivots (legs). The robot holds a magnet attached horizontally on the front side of the frontal plane placed equivalently high on the robot in relation to the center of mass of the body. This magnet's lifted positioning allows it to attain higher moment of inertia, and to stably move along the pitch and yaw axes in the air, induced by torque from the magnetic field. Walking is achieved by permitting the front and back body parts to alternately contact the ground as illustrated in Fig. 2 (c) , where the off-centered body balance and the biased friction from the legs guarantee asymmetric body dynamics (moment of inertia) between front and back of the structure (see slow motion in Fig. 3 ). We apply an oscillatory constant magnitude magnetic field in the desired direction of motion with a rapid alternation of four states, namely −27
• , −63
• , −90
• , and 90
• at 15 Hz. Due to the friction from the front support and the frontal placement of the magnet, the transition from −27
• to −63
• causes the robot to pivot about its front support. During the transition to 90
• , the applied torque causes the robot to rotate about the magnet, making it overcome the friction from the ground, and thrusting the robot forward. With this control, the robot can walk and turn, while the robot can hardly move in a sheet configuration. A comparable method can be found at a microscale level, known as stick-slip motion [22] , where the method exploits a magnetic field gradient for control.
The robot also has a boat-shaped body so that it can float on water with roll and pitch stability. For swimming motion, a magnetic field gradient is applied in the direction of interest ( Fig. 2 (d) ). By setting coils that exert a magnetic field in the negative direction (z < 0) to a non-active state, this magnetic field gradient can be applied, and the magnet experiences force. In this way, the robot is capable of swimming forward and turning.
C. Self-folding and the Crease Generation Program
The self-folding sheet used in the study, capable of over 100 simultaneous bidirectional folds [15] , [21] , has a three layer structure, wherein a heat-sensitive contraction film (polyvinyl chloride; PVC) is sandwiched between two rigid structural layers (Fig. 4 (a) ). The self-folding crease patterns feature differentiated gap widths on the front and back face. When heated, the difference in the widths induces disproportionate contraction of PVC between the front and back faces at unmasked regions, causing a bending motion of the plane. When heat is applied to the structure from a Peltier element (55 × 55 mm 2 ) situated below the structure, the exposed parts of the middle contraction layer shrink, causing a bending motion of the plane in the direction of the wider gap in the sheet. The non-exposed surfaces, covered by structural layers that sandwich both sides of the PVC, prevent the contraction of the PVC layer, and thus maintain their flat shape. After self-folding, the Peltier element helps to cool down the magnet, whose strength is weakened as temperature increases. Fig. 4 (b) shows the fabrication process of a self-folding sheet. Once designed, the crease pattern is transformed into a mirrored front-and-back pattern laid side-by-side, using a programmed batch process. The generated new crease pattern is then etched onto structural and adhesive layers with a laser cutter machine (i). After the excessive components of the pattern have been stripped from the structural layer (ii), PVC film is placed between the front and the back forms of the crease pattern, and the two are pressed upon one another (iii-iv). Lastly, the supporting layer is removed (v). The whole process only requires a laser cutter machine for fabrication, but even the laser cutter can be substituted with an inexpensive vinyl cutter, thus making the process widely accessible.
III. MAGNETIC FIELD GENERATION
Remote magnetic actuation is a powerful approach mostly seen in the control of micro-sized magnets [22] - [29] , as well as multiple magnets [30] , [31] . This section introduces our electromagnetic coil system and explains how to apply current to obtain a targeted magnetic field for controlling the robot.
The system consists of four square electromagnetic coils inclined 45
• from the horizontal plane, placed at regular intervals around the vertical axis in the lower half of a sphere of diameter d (Fig. 5) . A local coordinate frame xyz is defined for each coil, such that the x-y plane is parallel to the surface of the coil, and z is normal to the surface, coinciding with the axis of symmetry of the coil. To simplify subsequent computations, the origin of the local coordinate frame is shifted, such that the centroid of the coil is located at z = −d/2, i.e., minus the radius of the sphere. The global coordinate frame XY Z is set with the origin at O, where the X and Y axes in the horizontal plane as visualized in Fig. 5 . The work stage for the robot is placed at the intersection, just above the coils. This configuration leaves the upper half of the sphere open for the robot to operate. The magnetic flux density generated around a conductive wire traversed by a current I can be calculated after the Biot-Savart law
where µ 0 is the vacuum permeability, d ⃗ w is an infinitesimal small segment of the wire, ⃗ r is the vector pointing from d ⃗ w to the point of interest at which the magnetic flux density is to be calculated, andr is the unit vector pointing in that direction. Evaluating the contour integral over all infinitesimal segments of the wire gives the overall magnetic flux density generated at the point of interest [32] . Adapting this to the case of a square coil simplifies the contour integral to four line integrals [22] . Thus, the magnetic flux density ⃗ b(x, y, z) generated at a position (x, y, z) relative to a coordinate frame associated with a square coil with N turns of side length D, traversed by a current I, is given by [22] , [33] 
where
and c is the position of the centroid of the coil along the z-direction of the coordinate frame. Here, c = −d/2. The globally created magnetic flux density ⃗ B(X, Y, Z) is given by the superposition of the individual magnetic flux densities ⃗ b L (X, Y, Z) generated by the four electromagnets, expressed in global coordinates. That is,
To derive each individual ⃗ b L (X, Y, Z), (5) has to be rotated to match the orientation of the respective coil relative to the global coordinate frame, as depicted in Fig. 5 . Furthermore, a coordinate transform has to be introduced to express each local coordinate set in the global coordinates. This yields
The four 3 × 3 rotation matrices R L := R(α), where α ∈ {0, π/2, π, 3π/2} describes the orientation of the local frame with respect to the global one [34] , are given by
With these, the coordinate transform becomes 
Relation (6) is linear in the currents I L and therefore can be rewritten as 
corresponding to the underdetermined system of equations (10) . The least squares problem (11) can for instance be solved using the Moore-Penrose pseudo inverse of the Jacobian matrix J
where the position dependence of J(X, Y, Z) and ⃗ B(X, Y, Z) has been omitted for clarity. This minimizes the Euclidean norm of ⃗ I, thereby minimizing both energy consumption and heat generation [27] .
The torque ⃗ T acting on a magnet due to ⃗ B(X, Y, Z) can be calculated from (2) . The 3 × 3 skew-symmetric matrix corresponding to ⃗ m := (m X m Y m Z ) T defined in (3) allows the cross product in (2) to be expressed as a matrix multiplication. That is,
With (10) follows that ⃗ T is linear in the currents ⃗ I. Therefore the previous equation can be rewritten as
where J T (X, Y, Z) is a 3×4 Jacobian matrix relating current ⃗ I to torque ⃗ T . The force ⃗ F acting on a magnet due to ⃗ B(X, Y, Z) can be calculated from (1). With equations (13.47a and b) from [35] follows
where ⃗ m as defined in (3). Therefore, ⃗ F is linear in the currents ⃗ I and can be rewritten as
where J F (X, Y, Z) is a 3×4 Jacobian matrix relating current ⃗ I to force ⃗ F . With (14) and (16) follows
(a)
0s 10s 14s 28s 47s 68s where A(X, Y, Z) is a 6 × 4 actuation matrix describing the torque and force acting on a magnet inside the area of operation due to the currents applied to the four electromagnetic coils [27] . With this coil arrangement, the system is capable of generating a magnetic field in an arbitrary direction at a location sufficiently close to the center of the sphere. A uniform field is guaranteed with arbitrary strength along the X-Y plane, with a non-uniform field along the Zdirection. When a generated magnetic field only has X and Y components, a magnet lying on the X − Y plane can turn while keeping its position (yaw motion). By including a magnetic field component in the Z-direction, the magnet can also face upwards (pitch motion), pivoting up from the ground.
In the developed system, a magnetic field with a strength of 0.6 mT was measured in the Z-direction at point O with a total current flow of 10 A (∼ 100 W). This magnetic field strength almost matched what was estimated with the model. A robot can be stably actuated within a circle of diameter ∼ 20 cm, which is called the "operation area", by employing rectangular coils of D = 20 cm. This operation area could be scaled up by employing the relationship found in (6) . Given that c is to be increased while ⃗ B should remain unchanged, N , D and ⃗ I need to be adapted according to (5) . The X-Y direction of the magnetic field was controlled by the joystick on an Arduino Esplora, whose MCU handles all of the computation. Current was drawn from a power supply, and commands were transferred from the MCU to four SyRen 10 motor drivers (Dimension Engineering) through packetized serial communication in real time. Heating and cooling the Peltier element, switching between walking and swimming modes, and changing the magnitude of the magnetic field can all be controlled by either pressing a button or adjusting the slider on the Arduino Esplora controller. The robot can also move from land to water by changing the mode from torque-based walking to drag-based swimming.
IV. RESULTS

A. Self-folding and Immediate Action
We demonstrated on-stage self-folding as well as immediate actuation and showed the result as snapshots in Fig. 6 , as a proof of concept. After about 10 s from its placement ( Fig. 6 (a) ), the sheet started to self-fold at around 65
• C (Fig. 6 (b) ) beginning with longer creases that received thermal energy faster than the other creases (Fig. 6 (c)-(d) ). The transformation was completed in about one minute (Fig. 6 (e) ). The self-folded robot was actuated immediately without human intervention after a short period of cooling down (Fig. 6 (f) ).
This integrated process shows that a functional structure can be produced from a planar material and instantly be employed for task operations.
B. Task Performances
The robot can complete various tasks due to its mobile characteristics. This section presents some examples of such actions, controlled with a joystick. The robot can walk in a figure "8" pattern ( Fig. 7 (a) ), float and swim on water (Fig. 7 (b) ), push and deliver a lightweight block (Fig. 7 (c) ), carry two times (0.614 g) its weight (0.31 g) (Fig. 7 (d) ), climb a slope of 8.5
• (Fig. 7 (e) ), walk on rough terrain (Fig. 7 (f) , see also Fig. 1 (b) ), and dig into a stack of sponges ( Fig. 7 (g) ).
During experiments, while the robot's walking dynamics maintained stability, the robot often unexpectedly flipped over. This flip happened particularly when the robot suddenly changed its walking direction to 180
• opposite the original trajectory. Such instability can be avoided by restricting the change of the robot's motion. The robot can recover the original posture by receiving an impulsive asymmetric magnetic field.
C. Concept of Degradable Robots
This section demonstrates the degrading process of two developed robots: (I) one whose entire body except for the magnet can dissolve in acetone, and (II) one whose outer layer (structural layer) dissolves in water. For the first, we chose acetone for the liquid solution due to the use of PVC in the structure and made the structural layer out of polystyrene. These degradable models proved to be as controllable and versatile as the original conductive model in the experiments.
The time lapse snapshots show that all materials (polystyrene, PVC film, and silicone adhesive) that compose the robot dissolve into acetone, although there are time differences in the reaction speeds between the materials (i.e., compared to the body material made of polystyrene, PVC, which can be seen in Fig. 8 (d) , took longer time to dissolve). Polystyrene also has a drawback due to its relatively low melting temperatures (∼ 70
• C), close to the temperatures required for self-folding. This demonstration completes our scenario in which a robot can be instantiated by self-folding, immediately employed for accomplishing tasks, and erased on the spot without human physical intervention.
The dissolving process of the water-degradable model was tested under the assumption that future advancements would make the model biodegradable. Unlike the acetonedegradable model, the water-degradable model required stirring for enhanced segregation of the materials. A structure without the outer layer was obtained after about 3 minutes (not in the figure). To construct a biodegradable model for clinical use, the contraction layer (PVC film) and the adhesive layer need to be replaced with biodegradable counterparts.
V. DISCUSSION & CONCLUSION
In this paper, we present a novel single-sheet structure that self-folds into a centimeter-sized mobile robot that subsequently walks, swims, and dissolves. The robot is controlled using an external magnetic field exerted by embedded coils underneath the robot. Equipped with just one permanent magnet, the robot features a lightweight body yet can perform many tasks reliably despite its simplicity. The minimal body materials enable the robot to completely dissolve in a liquid environment, a difficult challenge to accomplish if the robot had a more complex architecture. This study is the first to demonstrate that a functional robotic device can be created and operated from the material level, promising versatile applications including use in vivo. Our future work involves combining the conductive robot body with selffolding sensors [20] to achieve a higher level of autonomy and more versatility in function.
